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ABSTRACT

Carbon dioxide geological sequestration is an effective method to reduce the content of greenhouse gases in the
atmosphere of our planet. This process can also be used to improve the production of oil reservoirs by mixing
carbon dioxide and crude oil. In the present study, a differential separation experiment (DL) based on actual
crude oil components is used to simulate such a process. The results show that after mixing, the viscosity and
density of reservoir fluid decrease and the volume coefficient increase, indicating that the pre buried gas induces
fluid expansion and an improvement of the fluid rheological properties. These effects are interpreted using a pore
scale model based on real scanning electron microscopy (SEM). The results show that increasing the pressure and
reducing the viscosity are beneficial to increasing the micro oil displacement efficiency. Moreover, these effects
can improve the production in the target area and slow down the decline of the formation pressure. Furthermore,
in the case of fracture development in the reservoir (due to CO2 injection before exploitation), the risk of gas
channelling, induced by the displacement pressure difference between injection and production wells, is avoided.
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Nomenclature
EDFM Embedded discrete fracture model
SEM Scanning electron microscope
DL Differential liberation experiment
o Oil
w Water
g Gas
μo Oil viscosity, cP
μw Water viscosity, cP
a The parameters calculated using van der Waals mixing rules
b The parameters calculated using van der Waals mixing rules
Ki Fugacity
xi Mole fraction in the liquid phase
yi Mole fraction in the vapor phase
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zi Mole fraction in the mixture as a whole
p Pressure, MPa
φ Porosity, dimensionless
ω Eccentric factor
T Temperature of the mixture, °C
V Mole fraction of the vapor phase
L Mole fraction of the liquid phase
Z The compressibility of liquid and vapor phases

1 Introduction

The increase of greenhouse gas content has become the focus of environmental protection [1,2]. Carbon
dioxide geological sequestration is an effective method to reduce the scope of greenhouse gases. To reduce
carbon dioxide emissions and improve the final recovery efficiency of oil reservoirs, many scholars have
carried out relevant research on the development of oil reservoirs by carbon dioxide injection [3].

In the experimental research on gas injection, enhanced oil recovery mechanisms are studied through
core experiments. Experiments show that diffusion is an important mechanism of huff-n-puff in
unconventional reservoir oil based on the history matching results. Swelling, oil viscosity reduction and
repressurization are important mechanisms of conventional reservoirs. And the exposure time and the
contact area need to be increased for higher production [4]. The continuous and cyclic injection are
compared in the core-scale experiment, and the results showed that the cyclic injection could achieve a
better effect [5]. Huff-n-puff experiments in core prove that CO2 has better injectivity and recovery than
N2 [6]. Gamadi et al. [7] showed that a certain shut-in time should be maintained to allow the gas phase
to contact the oil in place. Gamadi et al. [7] studied the effect of shut-in time on production through core
experiments. The results showed that short shut-in time with several cycles led to higher oil recovery
efficiency than using a long shut-in time with fewer cycles. Bai et al. [8] used fractured cores to evaluate
the effect of fracture for residual oil distribution during CO2 huff-n-puff in the different permeability cores.
And the results show that fracture can improve oil recovery by 14%. The matrix permeability affects the oil
recovery for the cores without fracture, but the matrix permeability has little influence on the cores with
fracture. The results mean that fractures are the dominant factor in core-scale experiments, and the impact
of matrix permeability cannot be ignored. It can see that fractures have an important effect on oil
production, and the influence of fracture and matrix permeability on gas injection at reservoir scale should
be studied. Ma et al. [9] revealed that the oil recovery is sensitive to maximum pressure. The formation
pressure should be kept as high as possible for low-pressure reservoirs through core experiments. Therefore,
oil reservoirs with low formation pressure should maintain the formation pressure as much as possible.

In the numerical simulation research on gas injection [10,11], the four core experiments analyze the
influencing factors after history matching and optimization. The results found that miscible CO2 huff-n-
puff reaches the oil recovery factors about 63.0% [12]. Zuloaga compared the huff-n-puff and continuous
injection for matrix ranging from 0.001 mD to 0.1 mD. In addition, the influence of matrix permeability,
the number of wells, well pattern, fracture half-length were analyzed, and the matrix permeability was
regarded as the most important influencing factor [13]. However, the initial reservoir pressure of the
target block is 50 MPa in the literature. The relevant simulation research is insufficient for the reservoir
with low initial formation pressure. Therefore, it is necessary to study low-pressure reservoirs by micro
and macro simulations.

Several pilot applications about gas injection are reported in oil fields. The results show that gas huff-n-
puff has good injectivity, but oil production after gas injection is limited due to gas channeling. The gas
injection needs to be optimized [14]. Sheng [15] revealed that a single cycle’s longer soaking time could
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improve oil recovery. However, less shut-in time is better for multiple cycles. Different field applications
show that more effective gas injection methods are necessary.

Most studies focus on reservoirs with high initial formation pressure. This paper analyzes the pre-buried
greenhouse gas to improve the production of low-pressure reservoirs. Pre-buried greenhouse gas is that
greenhouse gas is injected into the formation before production, and then crude oil, which is mixed with
the greenhouse gas, products after shut-in. PVTi analyzes the changes in fluid properties by DL. Then, a
pore-scale model is established to investigate the effects of viscosity decrease and pressure increase. An
example of reservoir scale synthesis is established, and the effects of expansion, viscosity reduction,
pressurization and fractures are analyzed. Pre-buried greenhouse gas is an effective measure to reduce
greenhouse gases and enhance oil recovery.

2 Method

2.1 Physical Process
Greenhouse gas is pre-buried to improve the production of low-pressure reservoirs. And carbon dioxide

is injected into the formation before production, and carbon dioxide and crude oil are fully mixed during well
shut-in. Then, crude oil, mixed with the greenhouse gas, products after shut-in. Pre-buried gas makes full use
of carbon dioxide to improve crude oil properties, supplement formation elastic energy, and slow down
production decline. Fig. 1a compares depleted development and pre-buried gas. Fig. 1b shows that the
pre-buried gas is continuous with A-B-C, while the depletion development has only a C process. This
method has the advantage of easy operation. Only one gas injection cycle is required in this way.
Injecting gas before production can increase formation pressure. Reducing gas injection cycles can reduce
the risk of gas channeling compared with multiple gas injection cycles.

2.2 Mechanism Analysis
2.2.1 Fluid Property Analysis

Simulator PVTi is adopted to study the change of fluid properties with CO2. The principles and methods
are as follows:

1. Principles

The properties of crude oil are affected by temperature, pressure and composition. PVTi of Eclipse
2011 version is adopted to calculate the property changes to study the fluid property changes after pre-
buried gas. The computational principles are Eqs. (1) and (2). By changing the fluid’s temperature,
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Figure 1: Explanation of pre-gas injection (a) difference between pre-gas injection and depletion (b) the
flow chart of pre-gas injection
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pressure, and composition, the fluid properties under different temperature and pressure conditions are
calculated [16,17]. The specific derivation process can be seen in Appendix A.

Z3 � ð1� BÞZ2 þ ðA� 2B� 3B2ÞZ2 � ðAB� B2 � B3Þ ¼ 0 (1)

A ¼ aap

ðRTÞ2 ; B ¼ bp

RT
; Z ¼ pV

RT
(2)

where, R is the universal gas constant, a and b are the parameters calculated using van der Waals mixing
rules, Z is the compressibility of liquid and vapor phases, T is the temperature (°C), p is pressure (MPa).

2. Method

DL means that decreased pressure results in gas-liquid separation in a constant volume container, as
shown in Fig. 2a. The pre-buried gas is described in 2.1, which injects gas into the reservoir before
production, as shown in Figs. 2b–a and 2a–A. Then, the injection well is shut to fully mix the injected
gas with the reservoir, as shown in Figs. 2b–b and 2a–B. Finally, the well produces the reservoir’s mixed
fluid, as shown in Figs. 2b–C and Figs. 2a–c. Therefore, the properties of pre-buried gas can be studied
by the reverse process of DL.

The composition of a well in the target block is shown in Table 1. The composition of crude oil after
adding different mole fractions of CO2 is written in Table 1 to determine the influence of different
injected CO2 volumes on crude oil properties. Injecting greenhouse gas means that the mole fraction of
greenhouse gas becomes higher, and then the related properties of crude oil are calculated by phase
equilibrium equations.

3. Result

The mole weight, viscosity, interfacial tension have changed after different mole fractions of gas are
injected. The curves of various properties with mole fractions are obtained in Fig. 3. The viscosity and
mole weight decreased with the increase of gas injection volume in Figs. 3a and 3b. Therefore, the
pre-buried gas has the effect of expansion and viscosity reduction. And the surface tension decreases

(a)                                                         (b)

Gas Oil

Gas+Oil

Gas+Oil

1.Differential 
liberation 

experiment

2.Gas
pre-injection

a

b

c

Injection well

Inject
Production well

Injection well

Shut
Production well

Injection well

Product
Production well

A

B

C

Figure 2: The explanation of DL (a) comparison between DL and pre-buried gas (b) corresponding process
of pre-buried gas
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gradually after gas injection in Fig. 3c, which leads to the increase of crude oil production and the decrease of
residual oil saturation.

Table 1: The composition of the target well

Component Crude oil composition (mol%) +10% CO2 (mol%) +30% CO2 (mol%) +50% CO2 (mol%)

N2 1.51 1.37 1.16 1.01

CO2 0.31 9.37 23.32 33.54

C1 23.79 21.63 18.30 15.86

C2 6.75 6.14 5.19 4.50

C3 10.94 9.95 8.42 7.29

iC4 1.65 1.50 1.27 1.10

nC4 4.31 3.92 3.32 2.87

iC5 1.56 1.42 1.20 1.04

nC5 1.82 1.65 1.40 1.21

C6 2.57 2.34 1.98 1.71

C7+ 44.79 40.72 34.45 29.86

Total 100 100 100 100
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Figure 3: The properties of crude oil after injecting different mole fractions gas (a) Mole weight (b)
Viscosity (c) Interfacial tension
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2.2.2 Pore Model Analysis
By establishing a porous media model based on scanning electron microscope images, including

onshore oil fields [18] and offshore oil fields [19], flow characteristics at different pressures are
analyzed [20–22].

For the low original formation pressure of the target reservoir, the pre-buried gas can improve formation
pressure. Therefore, fluid flow characteristics are compared under different pressure gradient (0.01 MPa/m,
0.05 MPa/m, 0.1 MPa/m). According to the velocity field diagram in Fig. 4, the flow area increased after pre-
buried gas injection compared with the conventional reservoir, as shown in Figs. 4b, 4d, 4f. And the red area
increased with the increase of pressure gradient. Therefore, increased pressure after pre-buried gas can
expand the range affected by the gas.

It can be seen from 2.2.1 that the fluid viscosity decreases after gas injection. Therefore, the flow
characteristics are compared with different viscosities. It can be seen from Fig. 5 that the red area

Figure 4: Comparison of flow velocity at different pressure gradients (a) 0.01 MPa/m in onshore oil field (b)
0.01 MPa/m in offshore oil field (c) 0.05 MPa/m in onshore oil field (d) 0.05 MPa/m in offshore oil field (e)
0.1 MPa/m in onshore oil field (f) 0.1 MPa/m in offshore oil field
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becomes larger after the viscosities are reduced for conventional and offshore oil fields, which means that the
flowing area becomes larger.

3 Synthetic Case Study

A reservoir scale model of 500 m * 600 m * 10 m is built to better investigate the effect of pre-buried
gas. And Eclipse.2011 is adopted to simulate and analyze the expansion, viscosity reduction, and increasing
pressure. The model parameters are shown in the following Table 2.

3.1 Expansion
Expansion is an important mechanism of enhancing oil recovery by gas injection [23,24]. Using PVTi to

compute the fluid properties change, volume factor increased after pre-buried gas. The expansion effect is
analyzed by volume coefficient after injecting different mole fractions of gas (10%, 20%, 50%), as shown

Figure 5: Comparison of flow velocity at different viscosities (a) 1 mPa.s in onshore oil field (b) 1 mPa.s in
offshore oil field (c) 2 mPa.s in onshore oil field (d) 2 mPa.s in offshore oil field (e) 3 mPa.s in onshore oil
field (f) 3 mPa.s in offshore oil field
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in Fig. 6. The increasing injected gas results in an increased volume factor. Compared to the cumulative oil
production under different volume factors in Fig. 6, expansion is beneficial to increasing production.

3.2 Viscosity Reduction
Viscosity reduction also is an important mechanism to enhance oil recovery by gas injection [13].

Viscosity reduced after pre-gas injection. The viscosity reduction effect is analyzed by the different
viscosities after pre-buried gas with varying mole fractions of gas (10%, 20%, 50%), as shown in Fig. 7.
The increasing injection gas results in decreased viscosity. Compared to the cumulative oil production
under different viscosity in Fig. 7, viscosity reduction after pre-gas injection is beneficial for increasing
production.

3.3 Increased Pressure
Initial formation pressure cannot change for specific blocks, but pre-buried gas can raise formation

pressure to slow down low-pressure characteristics’ diminishing effect. Therefore, the comparison of
cumulative production between pre-buried gas injection and depletion is shown in Fig. 8. It can be seen
that the cumulative production is increased for pre-buried gas due to injection time increased. The reason
is that the formation pressure rises after pre-buried gas, as shown in Figs. 9 and 10. The longer injection
time leads to a larger injected gas volume, and the gas injection effectively slows down the formation
pressure attenuation.

Table 2: Reservoir parameters in the reservoir scale model

Reservoir parameters Value Reservoir parameters Value

Matrix permeability (μm2) 0.1 Matrix compression coefficient 1.07 × 10 −3

Hydraulic fracture porosity (%) 0.4 Fracture compression factor (MPa−1) 1.07 × 10 −3

Hydraulic fracture permeability (μm2) 10 Bottom hole pressure (MPa) 9

Hydraulic fracture opening (mm) 10 Injection rate (m3/d) 200

Formation thickness (m) 10 Crude oil volume factor (m3/m3) 1.036

Figure 6: Comparison of the cumulative oil production of depletion and pre-buried gas with expansion
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Figure 8: Comparison of cumulative production of depletion and pre-buried gas

Figure 7: Comparison of the cumulative oil production from depletion and pre-buried gas with viscosity
reduction

Figure 9: Comparison of formation pressure of depletion and pre-buried gas
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Gas storage efficiency is an important standard [25]. The cumulative gas production is compared
between conventional production and pre-buried gas in Fig. 11. There is almost no difference in gas
production between the two schemes, proving that the injected gas is buried in the formation and not
produced. The gas injection is far from the production well, leading to no gas channeling and the buried
efficiency is close to 100%.

3.4 The Effect of Fracture
The existence of fractures greatly affects the effect of pre-buried gas. It is necessary to evaluate the effect

of pre-buried gas in the presence of fractures. Generally speaking, natural fractures are easy to cause gas
channeling. Still, there is no well opening in the process of pre-buried gas, which reduces the risk of gas
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Figure 10: The comparison of formation pressure field diagram of depletion and pre-buried gas (a) Well
pattern diagram (b) Depletion (c) Inject 10 days (d) Inject 100 days (e) Inject 200 days (f) Inject 300 days

Figure 11: Comparison between conventional production and pre-buried gas
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channeling. At the same time, the existence of fractures in the formation is conducive to wider pressure
propagation. To better describe the fractures distributed in different directions, the EDFM model is
adopted in this paper [26,27]. See Appendix B for its control equation and calculation principle.

Fig. 12 shows three types of fracture networks: hydraulic fractures, fractures around injection wells, and
fractures between production and injection wells. Fig. 12a shows the pressure drop near the fracture after
production. Without energy supplement, the formation pressure decreases continuously after production.
Fig. 12b shows the presence of fractures around the injection well. Fractures expand the influence range
of injection wells due to no well opening, no production, and no gas breakthrough. Fig. 12c shows the
pressure field with fractures between injection and production wells. Due to the gas injection before
production, the relationship between the injection well and production well has not been established.
There is no gas channeling, and the fracture expands the gas sweep area. When the production well is
opened, the formation pressure has been improved, as shown in Fig. 12c, to increase production further.

4 Conclusion

Pre-buried carbon dioxide is an effective method for carbon sequestration and enhanced oil recovery.
This paper uses PVTi to study the changes in crude oil properties after pre-buried gas. The pore model
evaluates the flow characteristics. The reservoir scale model studies the effects of expansion, viscosity
reduction, and pressurization.

1. The changes of crude oil properties after pre-buried gas are simulated based on the DL. The results
show that the crude oil viscosity decreases, and the volume coefficient increases. The crude oil
expands and reduces viscosity after pre-buried gas.

2. The pore-scale seepage model is constructed to compare the micro sweep efficiency under different
reservoir conditions. The results show that the high-pressure gradient and low viscosity formed after
pre-buried gas improve the pore-scale range affected by the gas.

3. Comparing the gas channeling risks under different reservoir conditions shows that the pre-buried
gas uses the fractures in the reservoir to expand the macro gas sweep range, reduce the crude oil
viscosity, increase the pressure gradient, and effectively improve the crude oil production.

4. Pre-buried gas can improve the efficiency of gas sequestration. In this paper, the gas injection is far from
the production well, leading to no gas channeling and the sequestration efficiency is close to 100%.

Funding Statement: Thanks for the support of a major national special project during the 13th Five-Year
Plan period, “Chemical Flooding Technology for Offshore Oil Fields” (No. 2016ZX05025-003)
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Appendix A

It can be known from the law of conservation of matter [16,17]:

Lþ V ¼ 1 (3)X
i

xi þ
X
i

yi þ
X
i

zi ¼ 1 (4)

Lxi þ Vyi ¼ zi (5)
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Ki ¼ yi
xi

(6)

The molar fraction of each component in the liquid and gas phases is defined as

xi ¼ zi
½1þ ðKi � 1ÞV � (7)

yi ¼ Kizi
½1þ ðKi � 1ÞV � (8)

Pressure can be written about

p ¼ RT

Vm � b
� aa
V 2
m þ 2bVm � b2

(9)

where

a ¼ 0:4529235R2T2
c

pc

b ¼ 0:077796RTc
pc

a ¼ 1þ ð0:37464þ 1:54226x� 0:2992x2Þ 1�
ffiffiffiffiffi
T

Tc

r !" #2

A cubic expression can be obtained

Z3 � ð1� BÞZ2 þ ðA� 2B� 3B2ÞZ2 � ðAB� B2 � B3Þ ¼ 0 (10)

where

A ¼ aap

ðRTÞ2

B ¼ bp

RT

Z ¼ pV

RT

Appendix B

EDFM is used to describe the fracture network [27,28]. And the control equation and calculation
principle [29,30] is shown in Eqs. (11)–(13):

r � kkro
Bolo

rpo

� �
þ qo ¼ @

@t

fso
Bo

� �
(11)
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r � kkrw
Bwlw

rpw

� �
þ qw ¼ @

@t

fsw
Bw

� �
(12)

r � kkrg
Bglg

rpg þ Rskkro
Bolo

rpo

" #
þ qg þ Rsqo ¼ @

@t

fsg
Bg

þ fRsso
Bo

� �
(13)
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